In order to elucidate the indirect effect by radiation on DNA base pairs, we investigate the mechanism for the attacking reaction of a hydroxyl radical (
Introduction
Genetic information recorded in DNA can be damaged by the variety of environmental agents, in particular, such as radiation. There are two types of effects by radiation, which are commonly called direct and indirect effects [1] . Only a small part of high-energy radiation can attack directly to the DNA molecule in living organs to damage its structure and electronic properties [2] . In fact, when a cell is exposed to radiation, the probability of the radiation interacting with the DNA molecule is very small, since it makes up a small part of the cell mostly composed of water molecules. Therefore, there is a much higher probability of radiation interacting with the water molecules. As a result, the principal effect of radiation is the ionization of water molecules in a cell, producing highly reactive hydroxyl radicals (
• OH-radical). Because they react with organic cellular components, especially DNA and lipids, DNA is damaged in its structure and electronic properties [3, 4] . In solution, the There are various effects of the ionizing radiation on the biological systems, ranging from the development of genetic aberrations, carcinogenesis to aging. Most of these effects have attributed to the role of free radicals. In particular • OH-radicals are major contributors in the single/double strand breaking of the DNA duplexes, because about 2/3 of the surrounding environment of the DNA duplex in the cell-nucleus is composed of water molecules [5] . Due to the short (within nano-seconds) life-time of the • OH-radical [6] , it is generated only within 1 nm from the surface of the DNA duplex and can remove a hydrogen ion to form a water molecule. The high reactivity of the • OH-radical is attributed to the possible pairing of two electrons having the opposite spin, which come from the • OH-radical and the target molecule. In the solvated environment,
• OH-radicals reach an active site of the DNA molecule and remove a hydrogen ion from the sugar moiety (e.g., a deoxyribose) or nucleobase of DNA. As a consequence of the • OH-radical attacking to DNA, the native double-helical structure of DNA is altered leading to errors in the genetic information stored in DNA [7] . Therefore, understanding the damage in DNA induced by the hydrogen abstraction is of par-ticular importance to reveal the effect of • OH-radicals on DNA.
There are a huge number of theoretical studies on the reaction mechanism between DNA and • OH-radicals, based on classical Monte Carlo (MC) [8] , classical molecular dynamics (MD) [9] or quantum mechanical density functional theory (DFT) [10] [11] [12] [13] [14] [15] [16] method. It is indispensable to perform quantum mechanical molecular orbital (MO) or DFT calculation for the complex of DNA with
• OH-radical, in order to elucidate the reaction mechanism at an electronic level. Since guanine is the most likely to be attacked by • OH-radicals among the four DNA nucleobases [5] , many quantum mechanical simulations were performed for guanine. For example, the gas-phase dehydrogenation reaction of guanine with • OH-radical was studied by Car-Parinello first-principle MD simulations [10] , while the DFT calculations [11, 12] were carried out for the complex of guanine with • OHradical. In addition, the • OH-radical attacking reaction to G-C base pair was investigated by DFT calculations [13, 14] . On the other hand, a limited number of MO or DFT calculations were performed for the adenine base [15] and A-T base pair [16] . And to our knowledge, there is no MO or DFT calculation investigating the difference in the dehydrogenation reaction between G-C and A-T base pairs induced by the • OH-radical. In the present study, in order to elucidate the indirect effect by radiation on DNA base pairs, we investigate the stable structures and their electronic properties for the complexes of G-C or A-T base pair with an • OH-radical, by the DFT calculations in vacuum and in water. The results reveal that the • OH-radical prefers to react with the NH 2 group of G (A) base of G-C (A-T) base pair and to abstract the hydrogen atom of the NH 2 group, resulting in a water molecule. These abstractions can produce the isomerization of G and A bases, leading to spontaneous mutations in DNA base sequence.
Details of DFT Calculations
Since DFT method includes electron correlation effect and describes the electronic properties of molecules and solids enough accurately, we used this method in the present study. We first constructed the structures of Watson-Crick type conventional G-C and A-T base pairs and optimized their structures in vacuum. For this optimization, we employed the DFT program D-mol 3 [17, 18] , and the Kohn-Sham orbitals were expanded in a numerical basis set DNP (double-numerical plus d-polarization functions for heavy atoms and p-polarization functions for hydrogen atom). The revised Perdew-Burke-Ernzerhof (RPBE) functional [19] of generalized gradient approximation was employed for exchange and correlation potentials. In addition, to confirm the accuracy of the above DFT calculation, the G-C and A-T structures were optimized by the B3LYP [20] hybrid density functional in conjunction with the 6-31G(d,p) basis-set using the Gaussian 09 suite of program [21] . The previous DFT calculation [22] confirmed that the B3LYP functional can describe the potential energy surface for the reaction mechanisms of
• OH-radical with imidazole, tyrosine, pyrimidine and purine. In the present DFT study, the terminal sites connecting to the C1' atom of deoxyribose in DNA strands were terminated by the CH 3 group, as shown in Figure 1 .
In order to find the most preferable attacking site of OH-radical was set as 1.5 Å. These structures were optimized in vacuum by the unrestricted DFT method (RPBE/DNP) of D-mol 3 , with a doublet spin state assigned. In addition, to investigate the effect of solvation on the reaction mechanism between the base pair and the • OH-radical, we performed the same DFT optimizations in water approximated by the continuum solvation model [23] of D-mol 3 .
Results and Discussion

Optimized Structures of DNA Base Pair + • OH Radical in Vacuum
We first optimized the G-C and A-T structures in vacuum calculations, the previous B3LYP/6-31G(d) calculations [16] as well as those in the B-form DNA structure obtained by the X-ray analysis [24] . Accordingly, the present DFT calculation is confirmed to be valid for obtaining the stable structures of the closed-shell base-pairs.
To elucidate which hydrogen atom of G-C and A-T base pairs can be abstracted by the • OH-radical, we added it near the hydrogen atom of the base pairs to construct the six types of initial structures shown in Figures  2 and 3 . They were fully optimized by the unrestricted DFT calculations, with a doublet spin state assigned. Figures 4 and 5 show the structures optimized in vacuum. As in the previous DFT calculations [16] , the • OH-radical can be stabilized near the hydrogen bond between the DNA bases. In addition, we found a stable structure shown in Figure 4(d) , in which the • OH-radical abstracts a hydrogen atom from the NH 2 group of guanine in G-C base pair to change into H 2 O. This structure is at least 10.6 kcal/mol more stable than the other optimized structures, as listed in Table 1(a) . In contrast, the other hydrogen atoms of G-C base pair can not be abstracted by the • OH-radical, as indicated in Figure 4 . Therefore, we can conclude that the • OH-radical prefers to react with the NH 2 group of guanine of G-C base pair in vacuum and abstract the hydrogen atom of the NH 2 group, as indicated in Figure 4(d) .
This result for G-C is comparable to the recent experimental results [25] obtained by absorption spectroscopy, which imply that the major reaction between guanine and the • OH-radical is hydrogen abstraction from the NH 2 group. In contrast, the other experiments [26, 27] using the redox titration technique indicate that the Copyright © 2013 SciRes. JMP
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• OH-radicals in vacuum. to ring-opening or dehydration reaction. As for the molecular simulation on the reaction between G-C and • OH-radical, state-of-the-art ONIOM calculations based on DFT were performed [13] for an elaborated hydrated DNA model. The computed results demonstrate that the attack of • OH-radical on the cytosine base increases the strength of O6(G)-N4(C) bond and consequently the efficiency of the proton transfer reactions. However, there is no result about the abstraction of the hydrogen atom from G-C base pair induced by the • OH-radical.
Optimized Structures of DNA Base Pair + • OH-Radical in Water
Since DNA is surrounded by a large number of water molecules in a cell, their effect should be considered in the analysis for the • OH-radical attacking reaction mechanism. In principle, the water molecules should be considered explicitly in the DFT calculations. However, in the practice of the DFT calculations, it is very timeconsuming task to perform the DFT optimizations for the fully-solvated systems composed of DNA base pair and • OH-radical. We thus considered the effect of solvating water molecules by the continuum solvation model [23] as the first step of the DFT simulations. The initial structures of G-C and A-T base pairs with OHradical in vacuum. Among the six structures optimized in the present study, the structure shown in Figure 5(c) is the most stable. Even in the most stable structure, the • OH-radical can not abstract the hydrogen atom from the NH 2 group of adenine base, although the • OH-radical is stabilized near the NH 2 group. Consequently, it seems that A-T base pair is relatively insulated from the influ- energies are listed in Table 1 
(b).
As shown in Figures 6(a) and (d) , for the G-C base pair, the two stable structures with the hydrogen abstraction from the NH 2 group of guanine were obtained in water. They are at least 15.6 kcal/mol more stable than the other structures shown in Figure 6 . Therefore, it is concluded that the abstraction of the hydrogen atom from the NH 2 group of guanine is energetically more favorable in water. If
• OH-radical can come close to the guanine NH 2 group of the DNA duplex in a cell, the • OH-radical is expected to abstract the hydrogen atom from the guanine base and cause damage to the base. To elucidate the reaction mechanism between G-C and • OH-radical, the ab initio MD simulations based on DFT are underway now in the continuum salvation model. The results will be published elsewhere.
The effect of solvation is also significant for the reaction of • OH-radical to A-T base pair. As shown in Figure   7 (c),
• OH-radical can attack and abstract the hydrogen atom of the adenine NH 2 group of A-T base pair in water. This structure is at least 15.5 kcal/mol more stable than the other structures shown in Figure 7 , indicating that the dehydrogenated A-T structure shown in Figure 7 (c) is largely preferable in water. As mentioned above, the present DFT optimizations in water elucidate that the hydrogen atom of the NH 2 group of guanine and adenine bases in the solvated G-C and A-T base pairs can be abstracted by the • OH-radical from the view points of energy.
As for the • OH-radical reaction with adenine, the energetics and associated transition states for the dehydrogenation of adenine by • OH-radical were investigated by DFT calculations [15] . The results elucidated that the reaction is exothermic and that the N6 position is most favorable for the 8(a) and (c) , the HOMO of G-T is distributed on guanine both in vacuum and in water. Among the hydrogen atoms of guanine, those of NH 2 group and that of CH group have larger HOMO distribution. The CH bond is stronger than the NH bonds of NH 2 group. As a result, the • OH-radical prefers to react with the hydrogen atom of the NH 2 group and abstract it in the G-C base pair. As indicated in Figure 9 , the situation is similar for the A-T base pair. HOMO is distributed on adenine, and the NH 2 group of adenine has significant HOMO distribution. These HOMO distributions for G-C and A-T base pairs can be related with the formation of the dehydrogenated structures of the NH 2 group of guanine and adenine induced by • OH-radical.
Conclusions
By using the DFT calculations, we investigated the stable structures for the complexes of G-C and A-T base pairs with • OH-radical in vacuum and in water, which was described by the continuum solvation model.
The results are summarized as follows: 1) In vacuum, the hydrogen atom of NH 2 group of guanine base in G-C base pair is abstracted by the • OHradical, while that of adenine base is not abstracted.
2) In continuum solvation model, the
• OH-radical abstracts the hydrogen atom of the NH 2 group of G and A bases in both the G-C and A-T base pairs.
3) The reaction of
• OH-radical attack to G-C or A-T base pair is exothermic and accelerated by the effect of solvation.
